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Genetic variations
Japanese encephalitis virus
RNA recombinationDue to the lack of a proofreading function and error-repairing ability of genomic RNA, accumulated mutations
are known to be a force driving viral evolution in the genus Flavivirus, including the Japanese encephalitis (JE)
virus. Based on sequencing data, RNA recombination was recently postulated to be another factor associated
with genomic variations in these viruses. We herein provide experimental evidence to demonstrate the
occurrence of RNA recombination in the JE virus using two local pure clones (T1P1-S1 and CJN-S1) respectively
derived from the local strains, T1P1 and CJN. Based on results from a restriction fragment length polymorphism
(RFLP) assay on the C/preM junction comprising a fragment of 868 nucleotides (nt 10–877), the recombinant
progeny virus was primarily formed in BHK-21 cells that had been co-infected with the two clones used in this
study. Nine of 20 recombinant forms of the JE virus had a crossover in the nt 123–323 region. Sequencing data
derived from these recombinants revealed that no nucleotide deletion or insertion occurred in this region
favoring crossovers, indicating that precisely, not aberrantly, homologous recombination was involved. With
site-directed mutagenesis, three stem-loop secondary structures were destabilized and re-stabilized in
sequence, leading to changes in the frequency of recombination. This suggests that the conformation, not the
free energy, of the secondary structure is important in modulating RNA recombination of the virus. It was
concluded that because RNA recombination generates genetic diversity in the JE virus, this must be considered
particularly in studies of viral evolution, epidemiology, and possible vaccine safety.
© 2009 Elsevier Inc. All rights reserved.Introduction
Japanese encephalitis (JE) virus is a member of the genus Flavivirus
and frequently causes encephalitic diseases through mosquito bites
(Lindenbach and Rice, 2001). The genome of the JE virus contains a
single-stranded positive-sense RNA (∼11 kb in length) that encodes
three structural proteins in the order of the nucleocapsid (C),
membrane (preM/M), and envelope (E), followed by seven non-
structural proteins (NS1–NS5) (Sumiyoshi et al., 1987). Due to the
lack of a proofreading mechanism and the inability to repair errors
during RNA synthesis (Domingo et al., 1996), spontaneous mutations
frequently occur, contributing to the formation of genetically diverse
populations or “quasispecies” of ﬂaviviruses as well as other virus
families (Holmes, 2004). Based on the nucleotide sequences of the C/
PrM and E genes, ﬁve genotypes (I–V) of the JE virus were identiﬁed
(Uchil and Satchidanandam, 2001).
Another means of generating genetic changes is through RNA
recombination, which occurs when “donor” RNA is introduced into
“acceptor” RNA to produce a new form of RNA-containing geneticand Parasitology, Chang Gung
86 3 2118408.
n).
ll rights reserved.information from more than one source (Worobey and Holmes,
1999). Viral RNA recombination was ﬁrst demonstrated in a
picornavirus, i.e., the poliovirus (Cooper, 1968), and subsequently in
a variety of other viruses (Chare and Holmes, 2006), including
ﬂaviviruses such as the dengue and the hepatitis C virus (HCV)
(Twiddy and Holmes, 2003; Legrand-Abravanel et al., 2007), although
some of them may eventually become artifactual. It may occur as
intersegmental RNA–RNA re-assortment, such as that in the Brome
mosaic bromovirus (BMV), a tripartite positive-strand RNA virus
(Figlerowicz and Bujarski, 1998), or RNA–RNA recombinations
between strains or genotypes of the same viruses (Wang and Chao,
2005). Nowadays, RNA recombination is believed to be a general
phenomenon in animal, plant, and bacterial RNA viruses, and it plays a
signiﬁcant role in the ﬁtness and evolution of viral genomes
(Kirkegaard and Baltimore, 1986).
Most ﬂaviviruses are composed of multiple genotypes or strains
which potentially determine the virulence and epidemiology of
diseases (Solomon et al., 2003). Understanding changes in genomic
RNA can help better elucidate the evolution of viruses and their
clinical signiﬁcance. In this study, we experimentally demonstrate the
occurrence of RNA recombination between two puriﬁed local strains
of the JE virus. The role of genomic secondary structures involved in
promoting RNA recombination was also proven in this study.
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Co-infection of host cells by the T1P1-S1 and CJN-S1 strains
To identify the genetic recombination between two JE virus
strains, an infectious center assay was used to verify that the two
virus strains were able to co-infect the same host cell. We randomly
selected infectious centers from BHK-21 and C6/36 cells, co-
inoculated them with the same amounts of T1P1-S1 and CJN-S1
virus suspensions, and viral RNA was extracted from each center for
the subsequent RsaI RFLP assay (Fig. 1a). For those growing in BHK-21
cells, four of nine infectious centers (44.4%) randomly selected from
BHK-21 cells appeared to simultaneously contain both T1P1-S1 (two
RsaI restriction enzyme sites with fragments of 401, 248, and
219 bp) and CJN-S1 (one RsaI restriction enzyme site with fragments
of 649 and 219 bp) RFLP patterns (Fig. 1b, lanes 3, 4, 5, and 9).
Similarly, among six infectious centers selected from C6/36 cells,
three (50%) were co-infected by the two virus strains (Fig. 1c, lanes 2,
4, and 5). This indicates that both BHK-21 and C6/36 cells can be co-
infected by the two JE virus strains so that viral RNAs extracted from
these cells were suitable for use in identifying genetic recombinations
throughout this study.
Determination of a target region to assess RNA recombinations
To determine the putative crossover regions, the DnaSP software
package (Rozas et al., 2003) was used to analyze nucleotide
polymorphisms from aligned DNA sequence data and to estimate
measures of DNA sequence variations within and between popula-
tions, as well as linkage disequilibrium, recombination, gene ﬂow, and
gene conversion parameters. Based on results from the analysis of
eight clones puriﬁed from local Taiwanese strains of JE viruses, nineFig. 1. RsaI restriction fragment length polymorphism (RFLP) assay revealed that both
BHK-21 and C6/36 cells can be co-infected by two strains of the Japanese encephalitis
(JE) virus. (a) The pattern showing three fragments (219, 401, and 248 bp) represents
T1P1-TS1 infection, while that showing two fragments (219 and 649 bp) indicates CJN-
S1 infection. Those which have four different fragments (649, 401, 248, and 219 bp)
reﬂect both virus strains co-infecting a single cell. (b) Four (lanes 3, 4, 5, and 9) of the
nine centers randomly selected from BHK-21 cells were identiﬁed to be co-infected via
the RFLP assay. The others were infected either by CJN-S1 only (lanes 2, 6, 7, and 8) or
by T1P1-S1 only (lane 1). (c) Three (lanes 2, 4, and 5) of six infectious centers selected
from C6/36 cells were co-infected with both strains of the JE virus. The other three were
infected by T1P1-S1 only.putative crossover regions (nt 338–440 and 440–466 at C; 557–644 at
preM; 2019–3101 at E-NS1; 3101–3260 at NS1; 7076–7235 at NS4A-
NS4B; 7235–7511 at NS4B; 7511–7760 at NS5; and 10,891–10,965 at
the 3′-untranslated region (UTR)) were identiﬁed.
RNA recombinations between virus strains
To validate the putative crossover regions, genome fragments,
including nt 10–877, 1813–2322, 2079–2695, 2481–3305, 3103–
3489, and 7060–7961, were ampliﬁed from the total RNA extracted
from BHK-21 cells with co-infection. After gene cloning, the C/preM
junction comprising a fragment of 868 nt (nt 10–877) was analyzed
by the SmaI-Alw44I RFLP assay (Fig. 2a). The fragment which was
derived from the parental viruses exhibited two fragments (111 and
757 bp for CJN-S1, and 159 and 709 bp for T1P1-S1) (Fig. 2g, lanes 1
and 2, and lanes 3, 5, and 9, respectively). In contrast, the
recombinant form showed only one fragment (868 bp) for the one
without a restriction enzyme site or three fragments of 111, 159, and
598 bp for those with two restriction enzyme sites (Fig. 2g, lanes 7
and 8, and lanes 4 and 6, respectively). This reveals that RNA
recombination of viral genomes can occur in BHK-21 cells. Similar
assays were performed on other fragments including nt 1813–2322
analyzed by SacI-MspAII RFLP (Fig. 2b), nt 2079–2695 (Fig. 2c) and
nt 2481–3305 (Fig. 2d) analyzed by SacI-ScaI RFLP, nt 3103–3489
analyzed by SacI-BclI RFLP (Fig. 2e), and nt 7060–7961 analyzed by
NcoI-NruI RFLP (Fig. 2f). According to these results, the recombina-
tion rate occurring in the co-infection group was generally higher
than that of the RT-PCR control group (Fig. 2h), except for the nt
1813–2322 and 3101–3489 regions (the recombinant RNA was not
detected in either of those groups). Particularly in the nt 10–877
fragment, the recombination rate occurring in the co-infection group
was 20.4% (20/98), which was about 4.5-fold higher than that in the
RT-PCR control group (4.5%, 2/44) (Fig. 2h; Table 1). This shows that
there was a signiﬁcant difference between the two groups (Chi-
squared test; pb0.05). In contrast, the recombination rate for the
same region (nt 10–877) of RNA extracted from co-infected C6/36
cells was 13.1% (5/38), which did not signiﬁcantly differ from that of
the RT-PCR control group (7.7%, 3/39) (Chi-squared test; pN0.05)
(Table 1).
Recombination between genomic RNA and a transfected foreign
sequence which originated from the T1P1 strain of the JE virus
To further conﬁrm that recombination had occurred, the nt 10–
877 region was examined. Total RNA extracted from cells was
simultaneously infected, transfected, and analyzed by recombinant-
speciﬁc RT-PCR. The results showed that a 564-bp negative-sense RNA
of the recombinant fragment was ampliﬁed from intracellular RNA
(Fig. 3a, lanes 7–9). In contrast, RNA recombination was not identiﬁed
in RNAs extracted from cells with infection only, transfection only, or
in the mixture of extracted intracellular RNA from JEV-infected BHK-
21 cells and the RNA fragment used for transfection (Fig. 3a, other
lanes). In the meantime, similar results of RNA recombination were
also observed in RNAs extracted from the culture medium containing
progeny virions (deﬁned as passage 1) (Fig. 3b, lanes 7–9). For the
control, a viral RNA fragment (529 bp) was detected in cells infected
with the Nakayama strain of the JE virus (Fig. 3c). To exclude the
possibility of nonspeciﬁc recombinant signals related to the RT-PCR,
the virus was further propagated in BHK-21 cells (deﬁned as passage
2). The data showed that recombinant RNAs were also present in this
passage of both intracellular (Fig. 3d) and extracellular RNA (Fig. 3e).
Putative points of crossover for RNA recombinations
Sequencing data from the recombinant fragments revealed no
nucleotide deletions or insertions. Among the 20 recombinant forms
Fig. 2. RNA recombination of the Japanese encephalitis (JE) virus was demonstrated in BHK-21 cells. Fragments which covered all of the putative crossover regions, except for the nt
10,891–10,965 region, of extracted viral RNA were applied to the corresponding restriction fragment length polymorphism (RFLP) assay. (a–f) Schematic diagram of RFLP assays
used in this study. (g) Recombination pattern presented for the nt 10–877 fragment. Lanes 1 and 2: CJN-S1 (111 and 757 bp); lanes 3, 5, and 9: T1P1-TS1 (159 and 709 bp); lanes 4
and 6: recombinants (CJN-S1→T1P1-S1) (111, 159, and 598 bp); and lanes 7 and 8: recombinants (T1P1-S1→CJN-S1) (868 bp). (h) The recombination rate of each fragment was
analyzed in this study. The control containedmixed transcripts of the two strains prior to RT-PCR/RFLP. ⁎ Indicates a signiﬁcant difference between the two groups (Chi-squared test;
pb0.05).
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Table 1
RNA recombination occurring between two pure clones (T1P1-S1 and CJN-S1) of the
Japanese encephalitis (JE) virus co-inoculated in BHK-21 and C6/36 cells.
BHK-21 cells C6/36 cells
No. of
detections
No. of
recombinations
No. of
detections
No. of
recombinations
Co-inoculated
RNA⁎
98 20 (20.4%) 38 5 (13.1%)
Mixed RNA⁎⁎ 44 2 (4.5%) 39 3 (7.7%)
Probability⁎⁎⁎ pb0.05 pN0.05
⁎ Total RNA was extracted from cells co-inoculated with the two clones of the JE
virus.
⁎⁎ A mixture of RNA isolated from cells infected with a single clone of the JE virus.
⁎⁎⁎ The probability was calculated from the Chi-squared test at the 5% level of
signiﬁcance.
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S1 strains of the JE virus (see Supplementary Fig. 1), homologous
crossovers were found throughout the nt 1–877 region (Fig. 4a).
Among these, nine recombinants had a crossover in the nt 123–323
region (see Supplementary Fig. 2), in which there is a 48.7% (98/201)
AU content (Fig. 5). After analysis of the hotspot (nt 123–323), we
found two regions, nt 245–265 (UUAUCACGUUCUUCAAGUUUA) and
nt 253–273 (UUCUUCAAGUUUACAGCAUUA), with 15 AU among 21
nucleotides. These 20 recombinants were further analyzed by a
manual bootscanning analysis, using the Jukes–Cantor and Neighbor-
joining methods. Among the nine recombinants mentioned above,
seven CJNS1-TS1 recombinants were conﬁrmed to contain a break-
point at around nt 200, but no speciﬁc breakpoint was deﬁned in the 2
TS1-CJNS1 recombinants. The 11 nonspeciﬁc recombinants showed
differences in the breakpoint identiﬁed in the region of nt 350–500Fig. 3. RNA recombinations between the genome of the Japanese encephalitis (JE) virus (Naka
cells. (a) A 564-bp fragment containing the tag sequence that was used to mark the transfec
indicating the occurrence of RNA–RNA recombinations (lanes 7–9). (b) RNA recombination
culture medium containing progeny virions (lanes 7–9). (c) For the control, a viral RNA fragm
(lanes 3, 7–12, and 14). The speciﬁc recombinant fragment was present not only in intracellu
2. Herein, viral RNAs (including recombinant RNA and Nakayama RNA) were used as the c(data not shown). Structurally, three stem-loops, denoted R1 for nt 5–
108, R2 (including R2-1, R2-2, R2-3, and R2-4) for nt 143–379, and R3
for nt 420–554, appeared in the corresponding region (nt 1–877) of
the viral genome (Fig. 6). Two types of RNA recombination between
the Nakayama strain of the JE virus and the transfected 5′-UTR
fragment of the T1P1 strain were observed to occur at different
crossover regions, including one clone at nt 14–49 (1/5; 20%) and 4
clones at nt 156–197 (4/5; 80%) (Fig. 4b). Interestingly, crossover
regions of the recombinant genome obtained from the two different
systems were likely located on the stem-loop structures presenting at
the 5′-end region of the viral genome.
Effects of secondary structures on the occurrence of RNA recombinations
A series of modiﬁcations (which disrupted or extended the stem
structure) of secondary structures at R2-2 and R2-4 was carried out in
this study. When the stable stem-loop R2-2 (ΔG=−35.6 kcal/mol)
was modiﬁed to become the less-stable R2-2.2 (ΔG=−20.5 kcal/
mol), the rate of RNA recombination was 0.75-fold lower than the
original type (Fig. 7a, d, and g). However, RNA recombination did not
signiﬁcantly increase when R2-2.2 was reverse-modiﬁed to the R2-
2.2r structure, the stability of which was similar to that of the original
type (ΔG=−31.8 kcal/mol) but which differed in sequence (Fig. 7a,
d, and g).
Similar results were also found in the R2-4 region. When the wild-
type R2-4 (ΔG=−23.9 kcal/mol) was modiﬁed to become a more-
stable structure, R2-4.2 (ΔG=−34 kcal/mol), the rate of RNA
recombination increased 1.8-fold compared to the original type. On
the other hand, RNA recombinations decreased when R2-4.2 was
reverse-modiﬁed to become R2-4.2r (ΔG=−22.1 kcal/mol) RNA
representing a decrease in recombinations (Fig. 7 b, e, and h).yama strain) and a transfected 5′-end sequence derived from the T1P1 strain in BHK-21
ted RNA was ampliﬁed from extracted intracellular RNA to detect negative-sense RNA,
was also revealed by ampliﬁcation of a 564-bp fragment in RNAs extracted from the
ent (529 bp) was detected in cells inoculated with the Nakayama strain of the JE virus
lar (d) but also in extracellular (virion) RNA (e) extracted from viruses of passages 1 and
ontrol.
Fig. 4. Mapping of the putative crossover regions for RNA recombinations via alignment of sequences derived from genomes of the Japanese encephalitis (JE) virus. (a) Among 20
recombinant forms derived from the T1P1-S1 (designated TS1) and CJN-S1 (designated CJNS1) strains of the JE virus, crossovers were located throughout the selected region of nt
1–877. Of these, 9 of 20 recombinants (indicated by an asterisk in front of the sequence) showed that crossovers within the region were limited to nt 123–323. Within the
parentheses, the numerator and denominator respectively represent clones with a speciﬁc crossover region and the total number of recombinant clones. (b) Two types of RNA
recombinations were observed, occurring at different crossover regions, including one of ﬁve clones at nt 19–49 and another four at nt 156–197.
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when R2-4 was modiﬁed to the R2-4.3 structure which was similar to
R2-4.2 in stability (ΔG=−32.3 kcal/mol) but not in sequence. In fact,
RNA recombinations slightly decreased when R2-4.3 was reverse-
modiﬁed to become R2-4.3r (ΔG=−26.8 kcal/mol) (Fig. 7c, f, and i).
Discussion
Compared to DNA viruses, RNA viruses evolve rapidly, with
approximately 6 orders of magnitude higher rates of nucleotide
substitutions (Jenkins et al., 2002). In turn, most RNA viruses,
including the JE virus, display large amounts of variation, leading to
a variety of genetically related populations known as quasispecies
(Holmes, 2004). Genetic exchanges via re-assortment of the RNA
segments are known to undergo genetic evolution in segmented RNA-
containing viruses such as the inﬂuenza virus, rotavirus, bluetongue
virus, and others (Lai, 1992). RNA–RNA recombinations are now also
believed to be involved in the exchange of genetic information
between monopartite RNA viruses, such as the poliovirus (Ledinko,
1963), HCV (Cristina and Colina, 2006), and norovirus (Rohayem et
al., 2005). Most notably, western equine encephalitis virus, a member
of the genus Alphavirus, appears to have resulted from a recombina-
tion between an eastern equine encephalitis-like virus and a Sindbis-like virus, giving rise to a completely new virus (Hahn et al., 1988).
Similarly, the Singapore S275/90 strain of dengue 1 virus very likely
arose from a recombination between a Djibouti/Cambodia lineage
ancestor and an Abidjan lineage ancestor (Tolou et al., 2001). In terms
of the HCV, genetic diversity of its genotype strains eventually
appeared in different parts of the world (Candotti et al., 2003; Thomas
et al., 2006), from which an intergenotypic recombinant was
identiﬁed (Colina et al., 2004), revealing its signiﬁcance in the
epidemiology, diagnosis, and treatment of HCV infection (Legrand-
Abravanel et al., 2007).
Accumulating data from phylogenetic analyses indicate the possi-
bility of RNA recombination occurring in ﬂaviviruses, including the JE
virus, the recombinant formsofwhichwereproposed tohaveoriginated
in Korea and Thailand (Twiddy and Holmes, 2003). In this study, we
provide experimental evidence showing that genetically different JE
virus strains can simultaneously infect a single BHK-21 or C6/36 cell,
resulting in the occurrence of genetic exchange or RNA recombination.
Moreover, RNA recombination was found more frequently in BHK-21
than C6/36 cells. It is conceivable thatmammalian cells aremore crucial
in determining RNA recombinations (Duarte et al., 1992; Schneider and
Roosinck, 2001). In the meantime, we also demonstrated that
recombination occurred in RNA isolated from BHK-21 cells infected
with the JE virus and simultaneously transfected with a foreign RNA
Fig. 5. Sequences from 9 of 20 recombinants derived from the T1P1-S1 (denoted TS1) and CJN-S1 (denoted CJNS1) strains of the Japanese encephalitis (JE) virus. The boxed area
represents the region (nt 123–323) potentially serving as the breaking point for RNA recombination. Nucleotide differences between the T1P1-S1 and CJN-S1 strains are indicated by
an asterisk.
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recombination can also occur between an entire viral genome and a
short RNA fragment, providing a chance for recombination of the viral
genome and host cellular RNAs.Rates of recombination in many single-stranded RNA viruses
appear to be low (Lai, 1992; Chare et al., 2003), when compared to
that of the human immunodeﬁciency virus (HIV) type 1 (Jetzt et al.,
2000). In spite of this, RNA recombination is thought to have played
Fig. 6. Structural analysis showed that three stem-loops, including R1 for nt 5–108, R2 (R2-1, R2-2, R2-3, and R2-4) for nt 143–379, and R3 for nt 420–554, appeared in the
corresponding region of the viral genome.
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(Turner and Chao, 1998) and in the development of strains with
increased virulence and transmission potential (Holmes et al., 1999).
A special concern is the possibility of genetic exchange between
different populations of the dengue virus (Chao et al., 1997),
especially if that occurs between vaccine strains and wild viruses
(Holmes et al., 1999; Becher et al., 2001; Seligman and Gould, 2004).
The breaking and rejoining pathway is commonly seen in DNA but
usually not with RNA recombinations (Jarvis and Kirkegaard, 1992).
Three types of RNA recombinations, including precisely homologous,
imprecisely (aberrantly) homologous, and nonhomologous, are
known to occur in RNA viruses (Alejska et al., 2001). Of these, the
precisely homologous recombination through a template-switching
(copy-choice) mechanism is probably the most common type
(Wierzchoslawski and Bujarski, 2006), in which viral RNA-dependent
RNA polymerase (RdRp) is involved in template-switching during
cRNA synthesis (Cheng and Nagy, 2003). However, crossover points
for recombination may shift in different cases; at least seven points
have been phylogenetically identiﬁed over a limited length of the
dengue virus gene (Twiddy and Holmes, 2003). The present result
reveals that spreading distribution of crossover points occurred in a
select region (nt 1–877). Two types of RNA recombination, i.e.,
occurring at two different sites spread over the region of nt 1–515,
were observed in the case between the RNA genome of the Nakayama
strain of the JE virus and the transfected 5′-UTR fragment of the T1P1
strain. In the meantime, the existence of 20 recombinant forms
identiﬁed from co-infected BHK-21 cells suggests that homologous
crossover points can occur throughout the nt 1–877 region. Of these,
45% (9/20) of recombinants occurred in the region of nt 123–323,
suggesting that this region may be a focal region (or hotspot) for
template-switching of RdRp during RNA synthesis.
AU-rich sequences were mentioned as being more efﬁcient at
promoting recombination, compared to GC-rich sequences, in single-
stranded, positive-sense genomic RNA (Shapka and Nagy, 2004). After
analysis of the hotspot (nt 123–323), we found that two regions,
UUAUCACGUUCUUCAAGUUUA (nt 245–265) and UUCUUCAA-
GUUUACAGCAUUA (nt 253–273), had 15 AU among 21 nucleotides.
This indicates that the nucleotide composition of the sequence is
crucial in determining RNA recombinations of the JE virus. Because
neither deletions nor insertions of nucleotides were found in the
crossover region, the precisely homologous recombination is believed
to be the predominant, if not the only, type of RNA recombination
between JE viruses. This is consistent with the inference from previous
observations that AU-rich sequences usually decrease the accuracy of
crossovers, leading to imprecisely or aberrantly homologous recom-
binations of viral RNA (Nagy and Bujarski, 1996).
Secondary structures are required for breaking–rejoining (nonrepli-
cative) RNA recombinations in cell-free systems (Wierzchoslawski and
Bujarski, 2006). This is particularly important in that the structure of the
acceptor RNA affects the occurrence of RNA recombinations in the case
of HIV (Abdeladim et al., 2003). The stability of the secondary structureeventually promotes the frequency of template-switching RNA recom-
binations (Nagy and Bujarski, 1997). As seen in this study, changes in
secondary structures of R2-2 (nt 200–264) and R2-4 (nt 306–379) of
transfected 5′-end RNA eventually affected the frequency of RNA
recombinations. This suggests that viralRNA secondary structures in this
region also play a role inmodulating RNA recombinations in the JE virus,
since it was predicted to hold recombination sites in close proximity
(Ball, 1997). Additionally, a higher frequency of RNA recombinations
was shown when the transfected fragment contained a more-stable
structure, and vice versa, revealing that the stability of the secondary
structure is related to the occurrence of RNA recombinations in the JE
virus. Based on the experiment of destabilization and re-stabilization of
the template stem-loop secondary structure (R2-4), i.e., R2-4.2/R2-4.2r
and R2-4.3/R2-4.3r, the rate of RNA recombinations did not necessarily
differ from that of the original typeR2-4 structure. This suggests the idea
that the RNA structure, not the free energy (stability), facilitates more
efﬁcient viral RNA recombinations, at least in the JE virus.
In conclusion, this is the ﬁrst experimental study to demonstrate
that genetic recombination occurs in the JE virus. There is great
genetic diversity of the JE virus in nature, which should facilitate the
occurrence of viral RNA recombinations between strains. Therefore,
this must be considered in related studies particularly on the
evolution and epidemiology of the JE virus.
Materials and methods
Virus and cell lines
JE virus strains including Nakayama (the vaccine strain), T1P1-S1
(a small plaque clone from the T1P1 strain) (Chen et al., 2000), and
CJN-S1 (kindly provided by Dr. M.H. Ho, Academia Sinica, Taiwan)
were used in this study. The viruses were further puriﬁed following a
plaque-picking method (Chiou et al., 2005). Viruses were propagated
in C6/36mosquito cells and titrated in baby hamster kidney (BHK)-21
cells. Virus titration, assayed with the plaque assay, followed a
previously described method (Chiou and Chen, 2001). Both cell types
were also used for the recombination assessment in this study. Both
cell types were cultured in Eagle's minimum essential medium
(EMEM) as previously described (Liu et al., 2004).
Infectious center assay
As previously described (Chiou and Chen, 2001), BHK-21 and C6/
36 cells were infected with a mixture of T1P1-S1 and CJN-S1 (1×105
plaque-forming units each) at a multiplicity of infection (MOI) of 100.
After being washed with fresh culture medium, cells were serially
diluted and then added to each well of six-well plates. After 4 days,
viruses in each plaque (infectious center) which had formed were
isolated, and virus infection was veriﬁed by ampliﬁcation of a speciﬁc
region of the viral genome by a reverse-transcription polymerase
chain reaction (RT-PCR) as described below.
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To verify co-infection of the JE viruses, fragment nt 10–877 of the
viral genomewas ampliﬁed and analyzed by an RsaI RFLP assay. Brieﬂy,Fig. 7. The rate of RNA recombinations decreasedwhen the stable R2-2 stem-loop (ΔG=−35
no signiﬁcant increase was shown in the reverse-modiﬁed R2-2.2r, the stability of which w
recombinations increased when the original R2-4 type (ΔG=−23.9 kcal/mol) was modiﬁed
reverse-modiﬁed to become R2-4.2r (ΔG=−22.1 kcal/mol) (b, e, and h). The rate of RNA re
was similar to R2-4.2 (ΔG=−32.3 kcal/mol), but the sequences differed; it also signiﬁcant
mol) (c, f, and i). The arrow indicates the site at which the stem region in the RNA structurthe viral genome isolated from the infectious center was applied to
perform the RT-PCRwith the primer pair, 10F and 877R (Table 2). Then,
the fragment ampliﬁed from JEviruses simultaneously infectingBHK-21
or C6/36 cells was used to verify co-infection by RFLP with RsaI. First,.6 kcal/mol) wasmodiﬁed to become the less-stable R2-2.2 (ΔG=−20.5 kcal/mol), but
as similar to the original type (ΔG=−31.8 kcal/mol) (a, d, and g). The rate of RNA
to become amore-stable R2-4.2 (ΔG=−34 kcal/mol), but decreased when R2-4.2 was
combinations did not change when R2-4 was modiﬁed to R2-4.3, the stability of which
ly decreased when R2-4.3 was reverse-modiﬁed to become R2-4.3r (ΔG=−26.8 kcal/
e was disrupted or extended.
Fig. 7 (continued).
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then separated by 2% (w/v) agarose gel electrophoresis. Within the
ampliﬁed fragment, there were two RsaI restriction enzyme sites in the
genome of the T1P1-S1 strain, while there was only 1 in the CJN-S1Table 2
List of primers used to amplify the putative crossover regions of the recombinations.
Genome fragment Primer Sequence (5′-3′)
10–877 10F CTGTGTGAACTTCTTGGCTTAGTATCG
877R TCAGTTTTCATGAGATATCGTGTGTG
1813–2322 1813F AGTTAACATCAGGCCACCTGA
2322R AGGCACCACCAAAC ACTTGG
2079–2695 2079F TCAAAGGTGCTGGTCGAGATGGAAC
2695R TCCCGTACGGCTTCCCACATTTG
2481–3305 2481F ACTGGATGTGCCATTGACA
3305R GTCCAAGACTATGCCATTCTC
3103–3489 3103F CATGGAAACTTGAGAGGGCAG
3489R CAGGTCTGATTTCCATTCCGTAC
7060–7961 7060F TCGTGCTAACCCCTCTTCTGAAGC
7961R CTTCAGGGTTGCTGCGTAGTAG
F, forward primer; R, reverse primer.
Co-infection, the restriction enzyme was used to detect co-infection.
Recombination, restriction enzymes were used to verify the recombinant genome.
Methods for RNA recombination assay: To amplify the gene fragments used in the RFLP assa
inoculatedwith T1P1-S1 and CJN-S1was applied to performRTwith the primers given in Tabl
was used to perform the PCR with the primer pairs listed in Table 2 for 25 cycles of 95 °C for
fragments were subsequently cloned into a pGEM-T TA cloning vector and assayed for RNAstrain. A pattern showing fragments of 219, 401, and 248bp represented
T1P1-S1 infection, while 1 showing fragments of 219 and 649 bp
represented CJN-S1 infection. An infectious center exhibiting all size
fragments indicated that both viruses had co-infected a single cell.PCR product size (bp) RFLP restriction enzyme
868 Rsal (co-infection)
GC SmaI, A1w44I (recombination)
510 MspAII, SacI (recombination)
C 617 ScaI, SacI (recombination)
825 ScaI, SacI (recombination)
387 SacI, BclI (recombination)
902 NcoI, NruI (recombination)
y to verify the JE virus recombination, 0.5 μg intracellular RNA extracted from cells co-
e 2 at 42 °C for 30min to generate complementary (c)DNA, then 2 μl of the cDNAmixture
30 s, 60 °C for 30 s, and 72 °C for 1 min, followed by a 10-min elongation at 72 °C. These
recombination by the method of RFLP with conditions shown in Table 2 and Fig. 2a–f.
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To verify JE virus recombination, 0.5 μg of intracellular RNA
extracted from cells co-inoculated with T1P1-S1 and CJN-S1 was
applied to perform RT with the primers given in Table 2 to generate
complementary (c)DNA, then 2 μl of the cDNA mixture was used to
perform the PCR with the primer pairs listed in Table 2. These
fragments were subsequently cloned into a pGEM-T TA cloning vector
and assayed by the RFLP method under conditions shown in Table 2
and Fig. 2a–f.
For RFLP, each ampliﬁed nt 10–877 fragment was digested with
both SmaI and Alw44I. Two fragments were expected from the two
parental viruses. In the recombinant form, one or three fragments
were detected in fragments without or with the two restriction
enzyme sites, respectively. Meanwhile, the nt 1813–2322 fragment
was digested with both SacI and MspAII, leading to differential
identiﬁcation of the recombinant forms from the parental virus strains
(an MspAII restriction enzyme site at nt 1921 for CJN-S1 and a SacI
cutting site at nt 2220 for T1P1-S1). In the region of nt 2079–2695,
CJN-S1 contained the ScaI restriction enzyme site at nt 2578, while
T1P1-S1 contained the SacI restriction enzyme site at nt 2220.
Therefore, any fragment containing both SacI and ScaI or no restriction
enzyme site represented one ampliﬁed from a recombinant form of
RNA. Similarly, the nt 2481–3305 fragment of CJN-S1 contained both
the ScaI and SacI cutting sites at nt 2578 and 3200, respectively. In
contrast, that of T1P1-S1 had no corresponding cutting site in this
region. Therefore, the recombinant formwas expected to contain only
one cutting site.
In the nt 3101–3489 region, CJN-S1 or TS1 contained a SacI or BclI
cutting site at nt 3200 or 3398, respectively, meaning that the
recombinant form contained both SacI and BclI cutting sites or neither
of the cutting sites. For the nt 7060–7961 region, T1P1-S1 contained
the NcoI and NruI cutting sites at nt 7253 and 7845, respectively,
while CJN-S1 contained no corresponding cutting site. Thus, the
fragment containing one cutting site supposedly originated from a
recombinant genome. A mixture of RNA (T1P1-S1: CJN-S1 of 1: 1)
containing those extracted from cells separately infected by either
strain was used to control artifacts.
Construction of the plasmid pT1P1-5′3′-untranslated region (UTR)
To construct the plasmid pT1P1-5′3′-UTR, virion RNA derived from
the T1P1 strain of the JE virus was used as the template to generate
DNA fragments corresponding to 5′- or 3′-end genomic RNA,
respectively. To prepare the 5′-end sequence, a primer (5′-
CTGCCAAGCATCCAGCCAAGTA-3′; complementary to nt 895–916 of
the 5′-end of the T1P1 genome) was used for RT to synthesize the
cDNA. The other primer (5′-TAATACGACTCACTATAGAGAAGTT-
TATCTGTGTG-3′) contained a tag sequence (italicized) at the 5′-end
(nt 1–17) of the T1P1 5′-end sequence; it was used as a mark to
identify the ampliﬁed DNA fragment (934 bp) in the PCR. In contrast,
the 5′-GTGTTCTTCCTCACCACCAGCTAC-3′ primer (nt 10,946–10,969
at the 3′-end of the T1P1 genome) was used for RT to generate cDNA.
Another primer (5′-GAAAATTATGTTGACTAC-3′, corresponding to the
sequence nt 10,320–10,337) was used in the PCR to amplify a 650-bp
DNA fragment. Both types of PCR product were separately digested
with AatII; the resultant DNA fragments were then ligated to form
subgenomic DNA which contained both 5′- (1–599 nt) and 3′-end
(10,367–10,969 nt) sequences. Subsequently, subgenomic DNAs were
cloned into pGEM-T (Promega, Fitchburg, WI) to form a plasmid
designated pT1P1-5′3′-UTR containing an insert of 1214 bp.
Site-directed mutagenesis
Site-directed mutagenesis in this study was used to investigate the
effect of secondary structures, as predicted by the RNA Structure3.7program (Mathews et al., 1999) upon recombination of the target
RNA. It was performed by PCRwith pfu DNA polymerase following the
instructions provided by the manufacturer (Fermentas, Hanover,
MD). Herein, the pT1P1-5′3′-UTR served as the template, whereas R2-
2.2F (5′-AGCTTGTTGGACGGCAGATTTGGAGTACGTTTCGTGCTGG-3′),
R2-4.2F (5′-GCCGATGGAAAGCAGTGTCAATGAGTGTAGCAATGAAA-
CATC-3′), and R2-4.3F (5′-CATCTCACTAGTTTCATTGCTGAACTTGGAA-
CACTCATTG-3′) were used as the primers to amplify fragments for
generating the new plasmids, pR2-2.2, pR2-4.2, and pR2-4.3,
respectively. For the reaction, PCR products were individually treated
with DpnI (Fermentas) for 30 min, and then transformed into
competent Escherichia coli (DH5α) cells. In the meantime, the pR2-
2.2 plasmid and R2-2.2rF primer (5′-AGTACGTTTCGTGCTCCAAAT-
TATCACGTTCTTCAAG-3′) were used to prepare the pR2-2.2r plasmid,
while the pR2-4.2 plasmid and R2-4.2rF primer (5′-GAGAACTTGGAA-
CACTCTTTTTCGCCGTGAACAAGCGGGG-3′) were used to construct the
pR2-4.2r and pR2-4.3 plasmids, and the R2-4.3rF primer (5′-
GCAGTGGAAAAGAGTGTGACAATGAAACATCTCAC-3′) was used to
construct the new pR2-4.3r plasmid.
Preparation of a positive (+)-sense 5′-end RNA sequence
The (+)-sense 5′-end RNA sequence was prepared from the
pT1P1-5′3′-UTR plasmid and other plasmids modiﬁed through site-
directed mutagenesis. In brief, the pT1P1-5′3-UTR plasmid and
modiﬁed plasmids were linearized by NdeI, and transcribed with T7
RNA polymerase using an in vitro transcription system (Fermentas).
The RNA products (nt 1–599) were extracted with phenol-chloro-
form, precipitated in ethanol, and then stored in a freezer until used
for transfection.
Transfection of the (+)-sense 5′-end RNA sequence
Transfection of the (+)-sense 5′-end RNA sequence was carried
out in BHK-21 cells with infection by amock or Nakayama strain of the
JE virus, at an MOI of 1, 1 h post-infection (hpi). After monolayers of
mock- or virus-infected BHK-21 cells had formed in the six-well
plates, they were washed with serum-free EMEM. Before transfection,
the RNA-Plus™ reagent mixture was prepared with 1–3 μg of in vitro-
transcribed RNA and 6 μl of Plus™ reagent (Invitrogen, Carlsbad, CA);
serum-free EMEM was then added to a ﬁnal volume of 100 μl. After
incubation at 25 °C for 15 min, 4 μl lipofectamine and 100 μl serum-
free EMEM were added to the mixture for an additional incubation
under the same conditions. A volume of 800 μl of EMEM was then
added to the RNA-plus reagent–lipofectamine mixture to become the
RNA transfection mixture which was then applied as monolayers in
each well of the plate for 5 h at 37 °C. After removing the mixture and
washing it with EMEM, cells were further incubated for up to 24 h in
the presence of EMEM containing 10% fetal bovine serum (FBS). Cells
and the culture medium were harvested and stored at −80 °C until
use.
Recombinant-speciﬁc RT-PCR
Intracellular total RNA and viral RNA were respectively extracted
from separate cells and culture medium, after transfection of the
fragment derived from the pT1P1-5′3′-UTR plasmid into BHK-21 cells
with or without (mock) virus infection. To detect negative-sense RNA
from the recombinant form of the genome, 0.5 μl of intracellular RNA
was provided to perform RT with the forward primer (RVF1: 5′-
GCGGGATTTAATACGACTCACTATAG, which is a combination of a partial
plasmid sequence (underlined) and a tag sequence (italicized) at
42 °C for 1 h; then 2 μl of the cDNA mixture was subjected to the PCR
under the following conditions: 35 cycles of 95 °C for 30 s, 60 °C for
30 s, and 72 °C for 1 min, followed by 10 min at 72 °C to generate the
speciﬁc fragment (564 bp). Here the tag sequence was used to mark
296 C.-K. Chuang, W.-J. Chen / Virology 394 (2009) 286–297the ampliﬁed product corresponding to the transfected fragment. As
for detection of the positive-sense genome (including the recombi-
nant form and the Nakayama strain), viral RNA was subjected to RT
with the reverse primer (850-877R: 5′-TCAGTTTTCATGAGA-
TATCGTGTGTGGC-3′) using the conditions described above. Then 2
μl of the cDNA mixture was subjected to a PCR with the primer pair,
RVF1 and RVR1/nt 516–538 (5′-CTGCAATATCCGTATTGTTGAC-3′),
which is speciﬁc for the Nakayama strain, to amplify the recombinant
fragment, with a size of 564 bp. However the primer pair 10F/nt 10–
36 (5′-AGTTAACATCAGGCCACCTGA-3′), which is conserved in the
transfected genome fragment (T1P1 strain) and Nakayama strain, and
RVR1 were used to detect all viral genome fragments with a size of
529 bp as the control. After serial passages of the recombinant virus,
the culture medium was incubated with BHK-21 cells at 37 °C for 1 h.
After being washed with PBS, cells were further cultured for 24 h in
fresh EMEM. Subsequently, the intracellular and extracellular RNAs
(virion RNA) were extracted and analyzed as described earlier. To
measure the recombination frequency of the modiﬁed RNA, a
semiquantitative recombinant-speciﬁc RT-PCR was used. Brieﬂy, 0.5
μl of intracellular RNA extracted from BHK-21 cells simultaneously
infected with Nakayama and transfected with modiﬁed RNAs was
analyzed using the conditions described above. The amount of
recombinant bands was quantiﬁed by the Gel-Pro analyzer 3.1
program and normalized to the control segment (viral RNA fragment,
529 bp). The ratio of the recombination frequency was calculated
using the original RNAs as the standard.
Gene fragments (868 bp for co-infection or 564 bp for transfec-
tion) were subjected to electrophoresis on an agarose gel, band
excision, puriﬁcation, and then sequencing using RT-PCR primers in
an Applied Biosystems sequencer (Foster City, CA).
Breakpoint analysis
A bootscanning analysis was carried out employing the software
from the SimPlot program (Lole et al., 1999), using a putative
recombinant sequence as the query. The program is based on a sliding
window method and constitutes a way of graphically displaying the
coherence of the sequence relationship. In this study, the window
width and step size were respectively set to 200 and 20 bp.
Statistical analysis
The rates of recombination were calculated by comparing the rate
of the co-infected group with that of the control group using a Chi-
squared test at a 5% level of signiﬁcance.
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